Introduction

Diluted acid hydrolysis of konjac powders and their preparations using a microwave digestion system
Microwave-assisted acid hydrolysis was conducted with a microwave digestion system (Ethos One, Milestone Inc., Shelton, CT). A small amount of konjac powder was poured into a sealable 50-mL Teflon ® digestion tube through a funnel so as to avoid it from attaching to the side wall of the tube charged with static electricity. Then, 10 mL of diluted sulfuric acid was added into the digestion tube and gently mixed with the sample. To suppress over-decomposition of the sample by rapid heating, the hydrolysis was always carried out after the following initial program: room temperature to 60 C (microwave power of 300 W, 5 min), 60 to 100 C (microwave power of 500 W, 2 min), 100 C (microwave power of 500 W, 5 min), and 100 C to hydrolysis temperature (microwave power of 800 W, 3 min). To identify the optimum conditions for the hydrolysis of konjac samples, we changed the following hydrolysis parameters: acid concentration (0.15, 0.25, 0.5, and 1 M), hydrolysis temperature (120, 125, 130, 135, 140, and 145 C; microwave power of 600 W each), microwave irradiation time (25, 30, and 35 min), and concentration of the sample (2.5, 3, 3.5, and 4.0%, w/v), and analyzed their effects on the KGM hydrolysis. After hydrolysis, each of the digestion tubes was cooled on ice, and the inside wall was washed with 20 mL of distilled water.
Conventional acid hydrolysis of konjac powder and its preparation in a boiling water bath
After 250 mg of a sample was poured into a 200-mL conical flask through a funnel in order to avoid it from attaching to the side wall of the flask, 10 mL of 1 M sulfuric acid was added to the flask and gently mixed with the sample. Then, 40 mL of 1 M sulfuric acid was further added to the flask after a 5-min interval for swelling of konjac particles. Acid hydrolysis of the sample was carried out by heating in a boiling water bath for 5 h under reflux, with gentle stirring every one hour. After hydrolysis, the flask was cooled in running water.
Quantitative analysis of mono-saccharides in acid hydrolyses of konjac powders and their mixtures
First, 10 mL of 2.5% sorbitol in water was added as an internal standard to each hydrolysate solution prepared by microwaveassisted acid hydrolysis or conventional acid hydrolysis. Then, 10 mL of the solution was separately transferred to two beakers. One transferred solution was neutralized with barium carbonate and passed through filter paper (5C, Advantec TOYO, Tokyo, Japan). The other transferred solution was neutralized with a saturated aqueous solution of barium hydroxide and a small amount of phenolphthalein as an indicator, and centrifuged at 3500 rpm for 5 min to obtain the supernatant liquid.
Each of the neutralized solutions was further purified for HPLC analysis by an ion-exchange cartridge (TOYOPAK IC-SP, Tosoh Corp., Tokyo, Japan), followed by syringe membrane (pore size, 0.45 μm) filtration. Mannose and glucose in the hydrolysates were simultaneously measured by HPLC (with RI detector) (Alliance e2695 system, Waters Corp., Milford, MA), equipped with an MCI GEL CK08EC column (30 cm × 8 mm i.d.; particle size, 9 μm) plus a PCI-510G guard column (DKK-TOA Corp., Tokyo, Japan). The amount of sample injected into the column was 20 μL. The separation was conducted at a column temperature of 79 C with the mobile phase of water at a flow rate of 0.6 mL/min. The quantification of the sugars in acid hydrolysates was carried out based on calibration curves developed for sugar standards of D-mannose and D-glucose. Their linear calibration curves were characterized by a good correlation coefficient (r 2 > 0.9999). The KGM content (%) of a konjac powder was calculated by the following equation: KGM (%) = (mannose (%) + glucose (%))× 0.90.
Results and Discussion
Characteristics of the two konjac powders
We initially conducted a compositional analysis of two konjac powders, A and B, which were used in this study. The moisture contents, ash contents, protein contents, and glucomannan contents (glucose and mannose contents) of the two konjac powders are given in Table 1 .
For neutralization after sulfuric acid hydrolysis, barium carbonate, which consequently generates a large amount of barium salts, is often used. 4 Additionally, the endpoint of the barium carbonate neutralization, which is specified as being when the production of CO2 bubbles stops, is often unclear. To reduce the environmental load and to facilitate identification of the endpoint, an alternative alkaline barium hydroxide was used with a small amount of phenolphthalein as an indicator for the neutralization of KGM hydrolysates. For acid hydrolysates neutralized by the conventional method, barium hydroxide neutralization always yielded measured KGM values several percent smaller than those obtained by barium carbonate neutralization (see Table 1 ). A blank test for barium carbonate neutralization under the same HPLC condition showed the existence of small peaks, which would be integrated with the glucose and mannose peaks (data not shown). Thus, the KGM values measured involving barium carbonate neutralization would be slightly higher than the true values.
The ratio of two component sugars, mannose and glucose, was found to be about 1.5:1, and was similar to that (3:2) of Smith and Srivastava. 4 However, it was slightly different from other previously reported ratios, such as 1.6:1 5,10,11 and 1.64:1. 12 We determined the mannose and glucose contents in konjac powders and calculated their ratios, while other researchers used refined glucomannan for determination of the mannose and glucose ratio. Furthermore, these differences may have been caused by the methods used for analysis. The complete hydrolysis of konjac powders was conducted under the conditions of the conventional hydrolysis described in the Experimental section. Two values for the glucose and mannose contents, corresponding to the barium carbonate neutralization and the barium hydroxide neutralization (in parentheses), are shown. The quantitative values are the average value from six independent measurements. "Man" and "Glu" mean "mannose" and "glucose", respectively.
Optimization of the conditions for microwave-assisted acid hydrolysis of konjac powder (glucomannan) to glucose and mannose
To optimize the conditions of the microwave digestion system for KGM hydrolysis, we first defined the recovery of konjac powder as the following equation: recovery of konjac powder (%) = moisture (%) + ash (%) + protein (%) + glucomannan (%). We monitored the recovery values under various hydrolysis conditions. D-Mannose at a concentration of 3% (w/v) was simultaneously treated in a separate digestion tube under the same conditions as the KGM hydrolysis, for monitoring its decomposition by an over hydrolysis reaction.
To analyze the effect of acid concentration, sulfuric acid at 0.15, 0.25, 0.5 and 1.0 M was used for the hydrolysis of konjac powder A under the conditions of a sample concentration of 3% (w/v), hydrolysis temperature of 130 C (microwave power of 600 W), and microwave-irradiation time of 30 min. Figure 1 shows a plot of konjac powder recovery versus the acid concentration for the microwave-assisted acid hydrolysis of a konjac powder. The highest konjac powder recovery was achieved using 0.25 M sulfuric acid. When sulfuric acid with a concentration of more than 0.25 M was used for the hydrolysis, the recoveries of konjac powder and standard D-mannose were drastically decreased, possibly because of their over-decomposition. Figure 2 shows the effect of the hydrolysis temperature on KGM hydrolysis under the conditions of sulfuric acid of 0.25 M, sample concentration of 3% (w/v), microwave power of 600 W and microwave-irradiation time of 30 min. The best recovery of konjac powder was obtained at a temperature of 135 C. The reaction temperature was an important factor for glucomannan hydrolysis. Chromatograms of konjac powder A hydrolyzed at different temperatures also demonstrated the effect of the hydrolysis temperature, showing a dynamic change of unknown peaks just before the glucose peak (Fig. 3) . Furthermore, an appropriate microwave-irradiation time was examined by conducting KGM hydrolysis with a microwave power of 600 W for 25, 30, and 35 min under the conditions of sulfuric acid of 0.25 M, sample concentration of 3% (w/v), and reaction temperature of 135 C, as shown in Fig. 4 . The best recovery was achieved when the reaction time was set to 30 min. When irradiated for another 5 min, the recovery of konjac powder slightly decreased. Accordingly, we considered that the irradiation time of 30 min would be sufficient for the complete hydrolysis of konjac powder A under the used conditions.
The amount of sample under the above optimum conditions (sulfuric acid of 0.25 M, reaction temperature of 135 C (microwave power of 600 W), and microwave irradiation time of 30 min) did not have much effect on the recovery of konjac powder (Fig. 5) . A decreasing trend in the konjac powder recovery against a sample concentration of more than 3% (w/v) suggests that a lack of sulfuric acid would have caused an insufficient hydrolysis of KGM. Based on the above examinations, we next performed microwave-assisted acid hydrolysis with the following optimum conditions: 10 mL of 0.25 M sulfuric acid, reaction temperature of 135 C (microwave power of 600 W), microwave-irradiation time of 30 min, and sample concentration of 3% (w/v). Under the optimum conditions for the microwave-assisted acid hydrolysis, the loss of mannose was 6.1%, while a recovery test demonstrated that the loss percent of mannose under conventional hydrolysis was 5.6%. Table 2 gives the KGM content of the two konjac powders, A and B, which were determined after microwave-assisted acid hydrolysis. The KGM values of the two different konjac powders, determined through microwave-assisted acid hydrolysis, were nearly the same with as small variations in the coefficient (≤ 0.41) as those obtained by conventional hydrolysis followed by barium hydroxide neutralization (Tables 1 and 2 ). The ratios of mannose and glucose for the two konjac powders were always 1.5:1. The results demonstrated that microwaveassisted acid hydrolysis, compared with conventional acid hydrolysis in a boiling water bath, can reduce the consumption of sulfuric acid to one-twentieth, and can complete the KGM hydrolysis reaction over five-times faster. The microwave degradation of polymers most likely involves two separate paths of induced shear forces generated by molecular oscillation, resulting in polymer chain scission, and thermal degradation. 8, 9 The mechanism of microwave-assisted acid hydrolysis, which is different from that of conventional hydrolysis, effectively accelerates the complete hydrolysis of KGM.
Microwave-assisted acid hydrolysis of konjac powders (glucomannan) to glucose and mannose
The KGM yields obtained by conventional acid hydrolysis followed by barium carbonate neutralization were a few percent higher than the others. Microwave-assisted acid hydrolysis uses only a small amount of sulfuric acid for KGM hydrolysis, so its hydrolysate is neutralized with a small amount of barium carbonate. This suggests that the neutralization of an acid hydrolysate with a large amount of barium carbonate causes a false increase in its KGM value under our HPLC conditions.
A pretest for the quantitative analysis of konjac powder regarding mixtures of konjac powder and starch in different mixture ratios
Mixtures of konjac powders and tapioca starch at different ratios (75:25, 50:50, and 25:75, by weight) and the original konjac powders were completely hydrolyzed with a microwave digestion system under the optimum conditions, and mannose in each of the hydrolysates was determined by HPLC analysis as the basis for determining their konjac powder contents. The konjac powder contents in the mixtures, calculated from their mannose content, were similar to their actual values, when the The values in parentheses indicate the coefficients of variation (n = 3). "Man" and "Glu" mean "mannose" and "glucose", respectively. The konjac powder content was calculated by comparing the measured mannose content of each sample with that of konjac powder A or B; their averages (n = 3) are given in the table. The values in parentheses are coefficients of variation (n = 3).
mannose content of the original konjac powder was used as the reference (see Table 3 ). Interestingly, even the combination of conventional acid hydrolysis and barium carbonate neutralization showed similar results to the others, probably because of a constant increase of the mannose peak areas caused by neutralization. The increased coefficients of the variation for their proportion estimates of the samples containing smaller amounts of konjac powder may have resulted in the variations of their smaller mannose peak areas in the HPLC analysis.
Conclusions
In this study, we developed a rapid acid hydrolysis method for konjac powder (glucomannan) with a microwave digestion system. When microwave-assisted acid hydrolysis of konjac powder was conducted under the optimum conditions of 10 mL of 0.25 M sulfuric acid, a hydrolysis temperature of 135 C (microwave power of 600 W), a total microwave-irradiation time of 45 min, and a sample concentration of 3% (w/v), the yield of konjac glucomannan was similar to that by conventional acid hydrolysis with 50 mL of 1 M sulfuric acid in a boiling water bath for 5 h. Thus, compared with the conventional method, our microwave-assisted acid hydrolysis method enables users to reduce the sulfuric acid consumption to one-twentieth and the hydrolysis time to less than one-fifth. Additionally, it was found that, for the neutralization of the konjac hydrolysates, the use of a saturated aqueous solution of barium hydroxide with a small amount of phenolphthalein as an indicator, compared with the conventional alkaline barium carbonate, reduced the barium salt waste and facilitated the identification of the neutralization end-point. Our pretest for the developed microwave-assisted acid hydrolysis method using mixtures of a konjac powder and a starch at different ratios proved that the konjac content can be calculated by comparing the mannose contents of a sample and of the raw material (konjac powder) after their degradations by the new rapid hydrolysis method.
